The radioprotective effect of the hydro-alcoholic extract of Boerhaavia diffusa was studied using the in vivo mice model. The sublethally irradiated mice (600 rads, single dose) were treated intraperitoneally with 20 mg/kg of the extract. The animals were sacrificed at different time periods after the whole-body radiation. The most affected tissues-bone marrow and intestine-were considerably protected by the intraperitoneal administration of B. diffusa as estimated by bone marrow cellularity, maturing monocytes, and intestinal glutathione. Total white blood cell count was lowered drastically after radiation exposure (ninth day, 1500 ± ± 500 cells/ mm 3 ). When the animals were exposed to radiation and treated with B. diffusa, the total white blood cell count was lowered only to 4000 ± ± 400 cells/mm 3 on the third day, and it reached an almost normal level (6250 ± ± 470 cells/mm 3 ) by the ninth day. The elevated level of serum and liver alkaline phosphatase after radiation exposure was reduced in the B. diffusa-treated group. The serum and liver glutamate pyruvate transferase, which were elevated after radiation exposure, were also reduced by treatment with B. diffusa compared to the control. The lipid peroxidation level also increased in the irradiated animals both in the liver and serum, but in B. diffusa-treated animals, there was a significant reduction in lipid peroxidation levels. The agarose gel electrophoresis of DNA isolated from bone marrow of mice exposed to gamma radiation showed heavy damage that was reduced by treatment with B. diffusa. These results are indicative of the radioprotective effect of the whole-plant extract of B. diffusa.
Ionizing radiation and cytostatic agents used in cancer therapy exert damaging effects on normal tissues and induce a complex response at the cellular and molecular levels. Medical strategies that modulate this response to reduce chemotherapy-and radiotherapyinduced side effects show contradictory results. 1 Immunosuppression is the major drawback or side effect in radiotherapy and chemotherapy. The side effects of radiotherapy comprise tissue injury in target and nontarget cells, especially cells of the immune system. Owing to the extremely high radiosensitivity of the bone marrow, damage to the hematopoietic system is, to some extent, always observed in whole-body irradiation as a typical manifestation. 2 Gastrointestinal toxicity is also an immediate adverse effect caused by whole-body irradiation treatments. Development of effective and nontoxic radioprotectors, which are capable of protecting normal tissues without compromising the anticancer activity of radiation, is still an active area of research. 3 Molecular oxygen by its biradical nature is the most important electron acceptor in the biosphere. It plays an important role in accepting unpaired electrons, giving rise to a series of partially reduced species. In addition to this, the radiolytic products of water, OH -, and H + also react with oxygen and generate various reactive oxygen species (ROS). 4 These reactive species can induce damage to cellular macromolecules. Both direct and indirect effects of ionizing radiation damage cellular DNA. In the direct effect, DNA damage is mainly induced by abstraction of an H atom from the C′-4 position of the deoxyribose or by attack of the bases via hydroxyl radicals produced by the radiolysis of water. 5 Apart from DNA breakage, lipid peroxidation is also considered to be a critical event of the ionizing radiation effect. 6 Lipid radicals are believed to be formed by the reaction of OHradicals generated by ionizing radiation with polysaturated fatty acids (LH), which subsequently react with oxygen to form the lipid peroxyl radical after undergoing the molecular rearrangement of conjugation in double bonds. Eventually, a chain reaction is initiated on irradiation in the oxygenated condition. 7 Further lipid peroxidation products, such as malondialdehyde, form adducts with cellular DNA. To maintain the redox balance in order to protect themselves from the action of these free radicals, the living cells have evolved an endogenous antioxidant defense mechanism that includes enzymatic and nonenzymatic entities. 8 Therefore, to understand the mode of action of an antioxidant compound as a radioprotector, it is necessary to investigate its effects on radiation-induced DNA damage and lipid peroxidation with reference to alterations in the endogenous antioxidant defense mechanism.
Various radioprotectors have different mechanisms for their activity-radical scavenging, induction of hypoxia, induction of a radioresistant state in the cell cycle, and stimulation of the immune system. 9,10 Several natural products and herbal formulations used in the indigenous system of medicine are known to modulate the immune system. Many of them have been shown to be good radioprotectors. Boerhaavia diffusa L. (family Nyctaginaceae) is used in folkloric medicine for its analgesic and antinociceptive properties. 11 The alkaloid fraction of this plant has shown immunostimulatory activity. 12 It was a good protector of hepatocytes against experimentally induced damage by means of toxic chemicals. 13, 14 The ethanolic extract of the plant has demonstrated antiproliferative/antimitotic activity in studies of in vitro systems. 15, 16 In this study, we evaluated the radioprotective effect of B. diffusa in gamma-irradiated mice.
Materials and Methods

Animals and Cells
Inbred 4-to 6-week-old male Swiss albino mice (weighing 25-28 g) were taken from the Amala Cancer Research Centre animal breeding station. All the animals were kept in well-ventilated cages in aircontrolled rooms. The animals were fed with normal mouse chow (Sai Durga Feeds, Bangalore, India) and water ad libitum. All the animal experiments were performed according to the rules and regulations of Animal Ethics Committee, Government of India.
Drug Preparation
The whole plant with the root and shoot system of B. diffusa was collected from the Amala Ayurvedic Pharmacy, Thrissur. A voucher specimen was kept in the herbarium (ACRC/C/3/2001). The plant material was dried at 45°C, powdered in the pulverizer, and extracted by overnight stirring in 70% methanol (10.0 powder in 10 volumes of solvent). After centrifugation, the supernatant was collected, and the solvent was removed using a vacuum evaporator at 45°C. The yield was about 10% (w/w), and 1.0 g of residue was resuspended in 10.0 mL phosphate-buffered saline (PBS; pH 7.2). The toxicity studies did not show any toxicity up to 50 mg/kg body weight in mice. For the in vivo studies, the extract was given at a concentration of 20 mg/kg body weight intraperitoneally.
Reagents and Chemicals 5-5′dithiobis(2-nitrobenzoic acid) (DTNB) and reduced glutathione (GSH) were purchased from SRL Ltd (Mumbai, India). Thiobarbituric acid (TBA) was purchased from HiMedia (Mumbai, India). Estimation kits for alkaline phosphatase (ALP) and glutamate pyruvate transferase (GPT) were purchased from Span Diagnostics Ltd, India, and the manufacturer's protocol was followed. All other chemicals used in the experiment were of analytical reagent grade.
Irradiation
All the experimental animals were exposed to a single acute dose of gamma radiation of 6 to 600 rads (6 Gy) using the 60 Co-Theratron-Phoneix teletherapy unit (Atomic Energy Ltd, Canada). The animals were kept immobilized in a specially designed, well-ventilated cage without any anesthesia and exposed to whole-body radiation at a rate of 1.41 Gy/min. The radiation field size was 25 × 25 cm 2 , and the cage housed 10 animals at a time. It was at a distance of 80 cm from the source.
Determination of the Effect of B. diffusa on Hematological Parameters of Mice Exposed to Radiation
Two groups of animals (n = 6) were used in this experiment. Group I animals received 10 doses of B. diffusa intraperitoneally at a concentration of 20 mg/kg at a 24-hour interval. Group II animals received only the vehicle of drug (ie, PBS). After the last dose of drug treatment, all the animals were exposed to a single dose of whole-body radiation (600 rads). Prior to the radiation exposure, the weight of the animals was checked, blood was collected from the tail vein, and parameters such as total white blood cell (WBC) count (hemocytometer), 17 differential count (DC), and hemoglobin (Hb) were analyzed. 18
Determination of the Effect of B. diffusa on Gastrointestinal System of Irradiated Mice
Two groups of Swiss albino mice (n = 18) were exposed to 600 rads of gamma rays. Group I animals received 20 mg/kg of B. diffusa extract 24 hours prior to radiation, which was continued at every 24th hour until each animal was killed by euthanasia. Group II animals, which received only the vehicle, served as the irradiated control. Six animals from each group were sacrificed on day 2, day 7, and day 12 after radiation, and tissues such as liver and small intestine were collected to evaluate their functional status. Blood was collected by heart puncture. Serum was separated and used to assess the levels of ALP, 19 GPT, 20 and lipid peroxidation (LPO). 21 Intestinal mucosa was also collected and used to estimate the level of GSH by the method of Moron et al. 22 Liver homogenate was made in icecold Tris buffer (0.1 M, pH 7.4) and centrifuged at 4°C and 1200 rpm for 30 minutes. The supernatant was used for the estimation of ALP, GPT, LPO, and GSH.
Determination of the Effect of B. diffusa on Hematopoiesis
Femurs of all animals from the above experiment were harvested when they were sacrificed, and bone marrow was collected using PBS containing 2% fetal calf serum (FCS). The number of cells in this preparation was counted using a hemocytometer and expressed as total cells per femur. A uniform smear was prepared on a clean glass slide using the above bone marrow preparation after quantitation; it was airdried and stained with α-naphthyl acetate and then counterstained with hematoxylin 23 and observed for α-esterase-positive cells.
Determination of the Effect of B. diffusa on Radiation-Induced DNA Damages
Swiss albino mice were allocated into 2 groups (n = 4), of which 1 group received only the vehicle and served as the irradiated control. The remaining group was treated with 20 mg/kg of B. diffusa extract 24 hours prior to radiation. The animals were irradiated with 6 Gy of gamma rays. One animal from each group was sacrificed 2, 8, 12, and 24 hours after irradiation by cervical dislocation. Bone marrow was collected, and the cells were washed thrice with PBS, incubated with 1 mL of cytoplasm extraction buffer on ice for 20 minutes, and pelleted by centrifugation. The pellet was resuspended in DNA lysis buffer for 20 minutes on ice and then centrifuged for 5 minutes (1000 g, 4°C). The supernatant obtained was incubated overnight with RNase (2 μg/mL) at room temperature and then with proteinase K (50 μg/mL) for 2 hours at 37°C. DNA was extracted using phenolchloroform (1:1) and precipitated with ice-cold 100% ethanol. The DNA precipitate was centrifuged at 10 000 g for 15 minutes, and the pellet was air-dried and dissolved in 50 μl of Tris-EDTA buffer. The extracted DNA was resolved on 1.5% agarose gel. The isolated DNA was subjected to electrophoresis in an agarose gel (1.5%) containing 0.5 μg/mL ethidium bromide and photographed under UV light.
Histopathology
A portion of the intestine was removed, washed in PBS, and fixed in 10% formaldehyde solution and then embedded in wax. Sections (4 μm) were taken and stained with hematoxylin-eosin (H&E).
Statistical Analysis
All data are expressed as mean ± SD. The B. diffusa extract-treated irradiated group was compared with an irradiated control group. Student t test was used for the final comparison.
Results
Effect of B. diffusa on Hematology of Irradiated Mice
The total WBC count prior to irradiation was 7500 ± 500 cells/mm 3 , which was reduced to 1500 ± 500 cells/mm 3 in the irradiated control group on day 9 after radiation exposure. But in the B. diffusa-treated group, irradiated animals showed the lowest count on day 3 after irradiation (4000 ± 400 cells/mm 3 ), where the count for irradiated control animals was 2100 ± 440 cells/mm 3 . By day 9, the level reached 6250 ± 470 cells/mm 3 in B. diffusa-treated irradiated animals ( Figure 1 ). Initially, there was slight decrease in the body weight and Hb content, which was normalized in all animals. The differential count remained unaltered throughout the experiment in both the groups (data not shown). Table 1 shows the effect of B. diffusa on the bone marrow cellularity of gamma ray-irradiated animals. The values at all the 3 time points show a significant (P < .001) increase in bone marrow cellularity in the B. diffusa-treated group of animals compared to the irradiated control. In gamma ray-irradiated nontreated control animals, the bone marrow cellularity was drastically reduced to 4.82 ± 0.27 × 10 6 cells/femur on day 2 from the normal value of 15.2 ± 2.5 × 10 6 cells/femur and then increased to 7.1 ± 0.48 × 10 6 cells/femur on day 7 and 12.78 ± 0.64 × 10 6 cells/femur on day 12 after irradiation. But in the B. diffusa-treated group, the bone marrow cellularity was 8.08 ± 0.24 × 10 6 cells/ femur on day 2, 12.9 ± 0.32 × 10 6 cells/femur on day 7, and 16.6 ± 0.61 × 10 6 cells/femur on day 11 after irradiation, showing significant recovery. Table 2 shows the effect of B. diffusa on the αesterase-positive cells of Swiss albino mice compared to the irradiated control group. In the gamma ray-irradiated control animals, the number of cells with α-esterase activity was 166 ± 13 α-esterase-positive cells/4000 cells on the 2nd day, 435 ± 24.6 α-esterasepositive cells/4000 cells on the 7th day, and 712 ± 24.9 α-esterase-positive cells/4000 cells on 11th day after irradiation. B. diffusa significantly (P < .001) increased the number of cells with α-esterase activity on day 2 (295 ± 11.9 α-esterase-positive cells/4000 cells) and day 7 (607 ± 40 α-esterase-positive cells/4000 cells), becoming normalized on the 11th day (981 ± 96 α-esterase-positive cells/4000 cells) after irradiation.
Radioprotection by B. diffusa From Gamma Rays
Effect of B. diffusa on Radiation-Induced Liver Toxicity
The normal functional status of liver was assessed by estimating the levels of ALP and GPT. The serum ALP (Table 3 ) was much elevated by gamma ray irradiation (16.5 ± 1.2 U/mL) compared to normal values (13 ± 0.9 U/mL) on day 2 after irradiation. This elevation was significantly (P < .001) reduced by treatment with B. diffusa extract (12.95 ± 0.92 U/mL).
Liver ALP (Table 4 ) was also reduced by B. diffusa administration (11.3 ± 0.62 KA) compared to the elevated level in untreated irradiated controls (13.2 ± 0.95 KA) on day 2. All these values reached near normal (13.8 ± 1 KA) by day 11. The GPT levels showed a varying pattern (Tables 5, 6 ). Both the liver (89.2 ± 3.03 U/mg protein) and serum (36 ± 5.3 U/mL) GPT levels were much elevated by gamma ray irradiation as compared with the normal levels (50.3 ± 3.29 U/mg protein and 14.0 ± 1.0 U/mL, respectively) on day 2 after irradiation. Treatment with B. diffusa significantly decreased (P < .05) this elevated level of GPT in liver Values are mean ± SD. All the experimental animals were given an acute dose (600 rads) of radiation and sacrificed at 3 time points to collect the bone marrow from both femurs. The quantitation was made using a hemocytometer. **P < .001. Values are mean ± SD. The bone marrow collected from the femur was smeared on a clear slide and stained accordingly to differentiate the α-esterase-positive cells. **P < .001. Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, blood was collected, and serum was separated to estimate the ALP profile. **P < .001. 13.2 ± 0.95 16.8 ± 1.03 13.9 ± 0.94 B. diffusa + radiation 11.3 ± 0.62** 13.9 ± 0.6** 13.8 ± 1** Alkaline phosphatase (ALP) profile of irradiated mice at various time points. Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, and liver was taken to estimate the ALP profile. **P < .001.
(81.23 ± 2.3 U/mg protein) and serum (28.4 ± 4.03 U/mL), which was normalized by day 11.
Effect of B. diffusa on Oxidative Stress Induced by Irradiation
The LPO level was found to be elevated in the irradiated animals, both in serum (Table 7) as well as in hepatocytes (Table 8 ) throughout the experiment as compared to the normal levels (1.42 ± 0.2 nmol malonaldehyde formed/mL serum and 1.26 ± 0.1 nmol malonaldehyde formed/mg protein, respectively). Treatment with B. diffusa significantly reduced (P < .05) this elevation by day 2 (1.23 ± 0.05 nmol malonaldehyde formed/mL serum and 0.82 ± 0.07/nmol malonaldehyde formed/mg protein, respectively) and more or less normalized the LPO levels by day 11 after irradiation. The normal liver GSH (6.5 ± 0.3 nmol/mg protein) was found (Table 9 ) to be drastically reduced on day 2 after irradiation (2.23 ± 0.25 nmol/mg protein). But B. diffusa-treated (irradiated) animals did not show such a drastic dip in liver GSH level; this level was 5.1 ± 0.2 nmol/mg protein, showing significant (P < .001) recovery.
Effect of B. diffusa on Small Intestine Architecture of Irradiated Mice
The normal level of GSH in the intestinal mucosa (Table 10 ) of mice was 17.2 ± 0.27 nmol/mg protein.
Radiation exposure reduced the level of intestinal GSH to 6.6 ± 1.3 nmol/mg protein on day 2. Boerhaavia extract treatment significantly (P < .001) reduced or lessened the effect of radiation, and the GSH content in the intestine was 14.0 ± 0.77 nmol/mg protein on the same day. Even at day 11, the GSH level was only 12.72 ± 0.43 nmol/mg protein in the untreated irradiated animals, but Boerhaavia treatment could normalize the levels as early as day 7 after irradiation (18.2 ± 1.0 nmol/mg protein). On day 7, the intestinal GSH level in irradiated control animals was only 9.2 ± 0.45 nmol/mg protein.
A close microscopic examination of the H&E-stained sections also reveals the altered structures of these mucosa and submucosa layers (Figure 2 ). Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, blood was collected, and serum was separated to estimate the GPT profile. *P < .05. **P < .001. Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, and liver was taken to estimate the GPT profile. *P < .05. **P < .001. Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, blood was collected, and serum was separated to estimate the LPO levels. *P < .05. **P < .001. Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, and liver was taken to estimate the LPO levels. *P < .05. **P < .001.
Effect of B. diffusa on Radiation-Induced DNA Damage
The agarose gel electrophoresis of isolated DNA of gamma ray-irradiated groups of Swiss albino mice showed heavy DNA damage compared to normal (Figure 3 ). Treatment with B. diffusa extract reduced the DNA fragmentation caused by gamma irradiation with near recovery within 24 hours.
Discussion
Ionizing radiation has become a powerful tool in the treatment of cancer. However, it faces a major limitation of nonselectively killing tumor cells as well as normal cells. The majority of the lethal side effects are associated with immunosuppression, and it is well documented that immunomodulators have high radioprotective activities. 24 It has been suggested that the radioprotective effects offered by immunomodulators can be attributed to their capacity to enhance hematopoiesis and immune functions. 25, 26 Administration of 20 mg/kg of B. diffusa extract effectively sustained the level of total WBC count in the blood. A similar correlation was found in the case of bone marrow cellularity and α-esterase-positive cells, demonstrating the effect of the extract on stem cell proliferation, which is affected by the sublethal dose of radiation. Exposure to radiation caused an oxidative stress in animals through mutation, damage to protein, membrane damage and lipid peroxidation, myelosuppression, gastrointestinal damage, and damage to DNA strands. Radiation exposure can alter the balance of endogenous protective systems such as glutathione and antioxidant enzyme systems. 27, 28 The irradiated animals showed signs of toxicity, as estimated by the levels of ALP and GPT, possibly by generating free radicals, damaging the cell membrane, and thereby releasing the cytosolic enzymes that were a sign of toxicity. 29 ALP and GPT are clear markers of cell proliferation. The high level of these enzymes in irradiated animals is due to the high proliferation rate in the liver after tissue damage by the toxic effect of radiation. Although serum enzyme levels are not a direct measure of hepatic injury, they show the status of the liver. The lowered enzyme level is a definite indication of the hepatoprotective action of the drug. Protection from hepatic damage caused by gamma rays was observed by recording serum and liver enzymes levels (ALP and GPT) in control, treated, and normal groups because serum enzymes have been reported to be a sensitive indicator of liver injury. 30 The disturbance in the transport function of the hepatocytes as a result of hepatic injury causes leakage of enzymes from cells due to altered membrane permeability. 31 This results in raised levels of ALP and GPT in serum. In the present study, B. diffusa reduced the elevated levels of ALP and GPT both in the serum and liver, indicating the hepatoprotective potential.
The interaction of ionizing radiation with biological systems results in the generation of many shortlived ROS, mainly due to the hydrolysis of water. The major ROS resulting from aqueous radiolysis include H + , OH -, RO 2 , H 3 O + , and so on. These ROS attack cellular macromolecules such as DNA, RNA, proteins, membranes, and so on, causing dysfunction and damage. The ROS increase the membrane lipid peroxidation, which in turn can alter the integrity of the membrane structure, leading to inactivation of membrane-bound enzymes, loss of permeability of the membrane, and a decrease in membrane fluidity. 6, 32 Whole-body irradiation increased the levels of tissue lipid peroxidation. The B. diffusa-treated animals showed some protective effects against the toxicity and oxidative stress induced by irradiation in the normal tissues. 2.23 ± 0.25 5.1 ± 0.18 6.1 ± 0.43 B. diffusa + radiation 4.61 ± 0.43** 6.65 ± 0.18** 6.4 ± 0.54 Glutathione (GSH) levels of irradiated mice at various time periods. Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, and liver was taken to estimate the GSH profile. **P < .001. Glutathione (GSH) levels of irradiated mice at various time periods. Values are mean ± SD. Three groups of mice (n = 6) were given a single dose of gamma radiation (600 rads). The 3 groups were then sacrificed at 3 different time points, and intestinal mucosa was collected to estimate the GSH profile. **P < .001. DNA from the bone marrow of irradiated mice showed reduced DNA damage after administration of B. diffusa. In short, treatment with B. diffusa could improve the immune status of the irradiated mice, thereby giving a protective effect from the radiationinduced damage to the normal tissues.
